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1. Introduction

Recently, there is a great deal of interest in the Biefeld-Brown effect, i.e., when high voltage
(-30 kV) is applied to the electrodes of an asymmetric capacitor, a net force is observed on the
capacitor. By asymmetric, we mean that the physical dimensions of the two electrodes are
different, i.e., one electrode is large and the other small. According to the classical Biefeld-
Brown effect (see Brown's original 1960, 1962, and 1965 patents cited in Appendix A, and a
partial reproduction in section 2), the largest force on the capacitor is in a direction from the
negative (larger) electrode toward the positive (smaller) electrode. Today, there are numerous
demonstrations of this effect on the Internet in devices called "lifters," which show that the force
on the capacitor exceeds its weight (1). In fact, these experiments indicate that there is a force on
the capacitor independent of polarity of applied voltage. In the future, the Biefeld-Brown effect
may have application to aircraft or vehicle propulsion, with no moving parts. At the present
time, there is no accepted detailed theory to explain this effect, and hence the potential of this
effect for applications is unknown. The authors are aware of only two reports (2) and theoretical
papers that address such issues (3, 4).

In section 2, we describe the history of the Biefeld-Brown effect. The effect of a net force on an
asymmetric capacitor is so surprising that we carried out preliminary simple experiments at the
U.S. Army Research Laboratory (ARL) to verify that the effect is real. The results of these
experiments are described in section 3. Section 4 contains estimates of the force on the capacitor
for the case of ballistic ionic wind and drift of carriers across the capacitor's gap between
electrodes. In section 5, we present a detailed thermodynamic treatment of the force on an
asymmetric capacitor, assuming that a nonlinear dielectric fluid fills the region between
capacitor electrodes. Section 6 is a summary and recommendation for future experimental and
theoretical work.

2. Biefeld-Brown Effect

During the 1920s, Thomas Townsend Brown was experimenting with an x-ray tube known as a
"Coolidge tube," which was invented in 1913 by the American physical chemist William D.
Coolidge. Brown found that the Coolidge tube exhibited a net force (a thrust) when it was turned
on. He believed that he had discovered a new principle of electromagnetism and gravity. Brown
applied for a British patent on April 15, 1927, which was issued on November 15, 1928 as Patent
No. 300,311, entitled, "Method of Producing Force or Motion." The patent and its figures clearly
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describe Brown's early work on forces on asymmetric capacitors, although the electromagnetic
concepts are mixed with gravitational concepts (Figure 1).

This invention relates to a method of
controlling gravitation and for deriving
power therefrom, and to a method of prn-
dueing linear force or motion. The
method is fundamentally electrical.

Figure 1. Excerpt from Thomas Townsend Brown
British Patent No. 300,311 entitled
"Method of and Apparatus or Machine for
Producing Force or Motion," issued on

November 15, 1928.

The discovery of the Biefeld-Brown effect is generally credited to Thomas Townsend Brown.
However, it is also named in honor of Brown's mentor, Dr. Paul Alfred Biefeld, a professor of
physics and astronomy at Denison University in Granville, Ohio, where Brown was a laboratory
assistant in electronics in the Department of Physics. During the 1920s, Biefeld and Brown
together experimented on capacitors.

In order to find a technical description of the Biefeld-Brown effect, we performed a search of the
standard article literature and found no references to this effect. It is prudent to ask whether this
effect is real or rumor. On the other hand, the Internet is full of discussions and references to this
effect, including citations of patents issued (1), see also Appendix A. In fact, patents seem to be
the only official publications that describe this effect.

On July 3,1957, Brown filed another patent entitled "Electrokinetic Apparatus," and was issued a
U.S. Patent No. 2,949,550 on August 16, 1960. The effect in this patent is described more
lucidly than his previous patent No. 300,311, of November 15, 1928. In this 1960 patent,

entitled "Electrokinetic Apparatus," Brown makes no reference to gravitational effects (Figure
2).

This invention wias disclosed and described in my appli-
cation Serial No. 293,465, filed June 13, 1952, which ap.
plication has become abandoned. However, refercnce
may be made 40 this application for the purpose of com-
pleting the disclosure set forth below.

The invention utilizes a heretofore unknown electro-
kinetic phenomenon which I have discovered; namely,
that when a pair of electrodes of appropriate form are
held in a certain fl'ed spavecd relation to each other and
immersed in a dielectric medium and then oppositely
charged to an appropriate degree, a force is produced
tending to move the pair of electrodes through the me-
dium. The invention is concerned primarily with ccrtain
apparatus for utilizing such phenomenon in various man-
nets to be described,

Figure 2. Excerpt from Thomas Townsend Brown U.S.
Patent No. 2,949,550 entitled "Electrokinetic

Apparatus," issued on August 16, 1960.
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The claims, as well as the drawings in this patent, clearly show that Brown had conceived that
the force developed on an asymmetrical capacitor could be used for vehicle propulsion. His
drawings in this patent are strikingly similar to some of the capacitors designs on the Internet
today. In this 1960 patent, entitled "Electrokinetic Apparatus," Brown gives the clearest
explanation of the physics of the Biefeld-Brown effect. Brown makes several important
statements, including:

"* the greatest force on the capacitor is created when the small electrode is positive,

"• the effect occurs in a dielectric medium (air),

"* the effect can be used for vehicle propulsion or as a pump of dielectric fluid,

"• Brown's understanding of the effect, in terms of ionic motion, and

"* the detailed physics of the effect is not understood.

In the following, we reproduce Brown's first two figures and partial text explaining the effect
(Figures 3 and 4).

Soon after Brown's 1957 filing for the patent previously mentioned, on May 12, 1958, A.H.
Bahnson Jr. filed for an improved patent entitled "Electrical Thrust Producing Device," which
was granted a U.S. Patent No. 2,9587,90 on November 1, 1960.

3



2,949,650

3 4
1 have discovered that when apparatus of the character electrodes to be operated at potentials above 125 kv. nay

just described is Immersed in a dielectric medium, as be hollow pipes or rods having a diameter of V4 to
for example, the ordinary air of the atmosphere, there is inch.
produced a force tending to move the entire assembly In Figure 3, I have illustrated the manner in which
thiough the medium, and this force is applied in such 5 a plurality of assemblies, such as ore shown in Figure 1,
direction as to tend to move the body 20 toward the may be interconnected for joint operation. As may be
leading clectrode 21. This force produces relative mo- seen from Figure 3, a plurality of such assemblies are
lion between the apparatus and the surrounding fluid di- placed in spaced side-by-side relation. They may be

electric. Thus, if the apparatus Is held in a fixed post- held fixed in such spaced relation through the use of
lion, the dielectric medium is caused to move past the 10 a plurality of tie rods 12 and interposed upacets (nsot
apparatus and to this extent the apparatus may be con- shown) placed between adjacent plates 20. The assem-
sidered as analogous to a pump or fan. Conversely, bly of plates 20 may be electrically interconnected by a
if the apparatus is free to move, the relative motion be- bus bar or similar conductor 29 to which the negative
tween the medium and the apparatus results in a forward lead 25 is connected. In a similar way, the plurality of
motion of the apparatus, and it is thus seen that the 15 positive leading electrodes 21 may be held in appropri.
apparatus is a self-propulsive device. ately spaced relation to each other by fastening their ends

While the phenomenon just described has been ob- to pairs of bus bars 30 and 31, to the latter of which
served and its existence confirmed -by repeated experi- the positive lead 26 is connected. The assembly of lead.
ment, the principles involved ATe not completely under- log electrodes 21 may he held in spaced relation to the
stood. It has been determined that the greatest forces 20 assembly of body members 20 by an appropriate arrange.
are developed when the leading electrode is made ment of the supports 22.
positive with respect to the body 20, and it is accord- In Figure 4, I have illustrated diagrammatically an
ingly thought that In the immediate vicinity of the arrangement of parts for producing a reversible action;
electrode 21 where the potential gradient is very high, that is, permitting the direction of the propulsive force
free electrons are stripped off of the atoms and molecules 25 to he reversed. The apparatus Is similar to that shown
of the surrounding medium. These electrons migrate in Figure 1. differing therefrom in utiizing a pair of
to the positive electrode 21 where they are collected, leading electrodes 21t and Z1r spaced by means of
This removal of free electrons leaves the respective atoms spacers 12 from the front and rear edges 231 and 23r
and molecules positively charged and such charged atoms of the body member 20 in a manner similar to that de-
and molecules are accordingly repelled from the pose - 20 scribed with reference to the supports 22 in Figure 1.
rive electrode 21 and attracted toward the negative The source 24 of high voltage electrical potential has
electrode 20. The paths of movement of these positively its negative terminal connected to the body 20 as by
charged particles appear to be of the nature represented means of the aforementioned conductor 25. The positive
by the lines 27 in Figure 2- terminal is connected as by means of the conductor 26

It appears that upon reaching or closely approaching 30 to the blade 27 of a single-pole, double-throw switch,
the surface of the body 20, the positively charged atoms serving in one position to connect the conductor 26 to a
and molecules have their positive charges neutralized Conductor 26f which is in turn connected to the forward
by the capture of electrons from the body 20 and in electrode 21f and arranged in Its opposite position to
many cases, it may be that excess electrons are captured connect the conductor 26 to a conductor 26r which is in
whereby to give such atoms and molecules a negative 40 turn connected to the reverse electrode 21r.
charge so that they are actually repelled from the It will be seen that with the switch 27 in the post-
body 20. tion shown in Figure 4, the apparatus will operate In the

It will be appreciated that the mass of each of the manner described in connection with Figure 1, causing
individual electrons is approximately one two-thousandtbs the assembly to move to the left as viewed in Figure 4.
the mass of the hydrogen atom and is accordingly negligi- 45 By throwing the switch 27 to the opposite position, the
bie as compared with the mass of the atoms and molecules direction of the forces produced are reversed and the
of the medium from which they are taken. The principal device isoves to the right as viewed In Figure 4.
forces Involved therefore are the forces involved in mov- In Figure 5, 1 have illustrated the principles of the in-
ing the charged atoms and molecules from the region vention as embodied in a simple form of mobile vehicle.
of the positive electrode 21 to and beyond the negatively aD This device includes a body member 50 which is prefer-
charged body 20. The force so exerted by the system ably of the form of a circular disc somewhat thicker
on those atoms and molecules not only produces a flow in its center than at its edges. The disc 50 constitutes
of the medium relative to the apparatus, but, of course, one of the electrodes and is the equivalent of the body
results in a like force on the system tending to move the member 20 referred to in connection with Figure 1. A
entire system in the opposite direction; thAt is, to the left 55 leading electrode 51 in the form, of a wire or similar
as viewed in Figure I of the drawing, tmall diameter conductor is supported from the body

The above suggested explanation of the mode of opera- 50 by a plurality of insulating supports 52 in uniform
lion of the device is supported by observation of the spaced parallel relation to a leading edge portion S of
fact that the dimensions and potentials utilized must be the body 50. A skirt or simtilar fairing 54 -may be car-
adjusted to produce the required electric field and the 60 ricd by the body 50 to round out the entire structura so
resulting propulsive force- Actually I have found that as to provide a device which is substantially circular in
the potential gradient must be below that value required plan. A source of high voltage electrical potential 55 is
to produce a visible corona since corona is objection- provided with its negative terminal connected as indicated
able inasmuch as It represents losscs through the radia- at 56 to the body 50 and its positive terminal connected
lion of heat, light and molecular charges in the medium* 65 as indicated at 57 to the leading electrode 51.

My experiments have indicated that the electrode 21 Tlhe device operates in the same manner as the ap-
may be of small diameter for the lower voltage ranges, paratus shown in Figure 1 to produce a force tending to
i.e. below 125 kv. while above this voltage, rod or hollow move the entire assembly through the surrounding me-
pipe electrodes are preferred. These large electrodes dium to the left as viewed in Figure 5 of the drawing,
are preferred for the higher voltages since sharp points 70 Referring now to Figure 6, there is depicted an illus-
or edges are eliminated which at these elevated potentials trative embodiment of this invention in which, a pair of
would produce losses thus diminishing the thrust. For mobile vehicles, such as depicted in Figure 5, are shown
example, electrodes to be operated at potentials below suspended from the terminals of arm 40, which arm
125 kv. may be made from small gauge wire only large is supported at its midpoint 'by a vertical column 41.
enough to provide the required mechanical rigidity while 76 High voltage source 55 is shown connected through wires

Figure 3. Excerpt from Thomas Townsend Brown U.S. Patent No. 2,949,550 entitled
"Electrokinetic Apparatus," issued on August 16, 1960.
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255

Figure 4. Figure excerpt from Thomas Townsend Brown U.S. Patent
No. 2,949,550 entitled "Electrokinetic Apparatus," issued on
August 16, 1960.

On July 3, 1957, Brown filed another patent (granted on January 23, 1962, as U.S. Patent No.
3,018,394) for an "Electrokinetic Transducer." This patent deals with the inverse effect, i.e.,
when a dielectric medium is made to move between high voltage electrodes, there is a change in
the voltage on the electrodes. (This is reminiscent of Faraday's law of induction.) Quoting from
the 1962 patent by Thomas Townsend Brown (Figure 5):

Until this time, the net force on an asymmetric capacitor was reported as occurring when the
capacitor was in a dielectric medium. On May 9, 1958, Brown filed for another patent
(improving upon his previous work) entitled "Electrokinetic Apparatus." The patent was issued
on June 1, 1965 as Patent No. 3,187,206. The significance of this new patent is that it describes
the existence of a net force on the asymmetric capacitor as occurring even in vacuum. Brown
states that, "The propelling force however is not reduced to zero when all environmental bodies
are removed beyond the apparent effective range of the electric field." Here is a quote from the
patent (Figure 6).

st Available Copy
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'his invention utilizes heretofore unknown electro-
kinetic phenomenon which I have discovered, namely that
when pairs of electrodes of appropriate form are held in
a certain fixed spacial relationship to each other and im-
mersed in a dielectric medium and then oppositely charged
to an appropriate degree, a force is produced tending to
move the surrounding dielectric with respect to the pair
of electrodes. I have also discovered that if the dielectric
Jmuedium is moved relative to the pahib uf elelti odes by an
external mechanical force, a variation in the potential of
the electrodes results which variation corresponds to the
variations in the applied mechanical force.

Accordingly, it is an object of this invention to provide
a method and apparatus for converting the energy of an
electrical potential directly into a mechanical force suit-
able for causing relative motion between a structure and
the surrounding medium.

Figure 5. Excerpt from Thomas Townsend Brown U.S. Patent
No. 3,018,394 entitled "Electrokinetic Transducer,"
issued on January 23, 1962.

3,187,206
ELECTROIKtNETIC APPARATUS

Thomas Townsend Brown, Walkerlown, N.C., assignor,
by mesne assignments, to Electroldnetics, Inc., a cor-
poration of Pennsylvania

Filed May 9, 1958, S&r. No. 734,342
23 Claims. (Cl. 310-5)

This invention relates to an electrical device for produc-
ing thrust by the direct operation of electrical fields.

I have discovcied that a Shaped electrical field may be
employed to propel a device relative to its surroundings In
a manner which is both novel and useful. Mechanical
forces are created which move the device continuously in
ore direction while the nimasses making up the cnvironment
move in the opposite direction.

When the device is operated in a dielectric fluid me-
dium, such as air, the forces of reaction appear to be
present in that medium as well as on all solid material
bodies making up the physical environment.

In a vacuum, the reaction forces appear on the solid
environmental bodies, such as the walls of the vacuum
chamber. The propelling force however is not reduced
to zero when all environmental bodies arc removed be-
yond the apparent effective range of the electrical field.

By attaching a pair of electrodes to opposite ends of a
dielectric member and connecting a source of high elec-
trostatic potential to these electrodes, a force is produced
in the direction of one electrode provided thnt electrode
is of such configuration to cause the lines-of-force to con-
verge steeply upon the other electrode. The force, there-
fore, is in a direction from the region of high flux density
toward the region of low flux density, generally in the di-
rection thrmogh the axis of the electrodcs. The thrust
produced by such a device is present if the electrostatic 3,
field gradient between the two electrodes is non-linear.
This non-linearity of gradient may result from a differ-
ence in the configuration of the electrodes, from the elec-
trical potential andlor polarity of adjacent bodies, from
the shape of the dielectric member, from a gradient in the 40
density, electric conductivity, electric perm'ittivity and
inanetic permeability of the dielectric member or a com-
bination of these factors.

Figure 6. Excerpt from Thomas Townsend Brown Patent No. 3,187,206,
entitled, "Electrokinetic Apparatus," issued on June 1, 1965.
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In this patent, Brown reports that the asymmetric capacitor does show a net force, even in

vacuum. However, at present, there is little experimental evidence, except for two reports (2),
which do not explain the origin of the observed force and two theoretical papers (3, 4). If the

Biefeld-Brown effect is to be understood on a firm basis, it is imperative to determine whether

the effect occurs in vacuum. Enclosed in Appendix B, is Bahder's email correspondence with
J. Naudin, where Naudin quotes from a letter by Thomas Townsend Brown, who discusses the

effect in vacuum.

The main question to be answered is as follows: what is the physical mechanism that is

responsible for the net force on an asymmetric capacitor? The answer to this question may

depend on whether the asymmetric capacitor is in a polarizable medium (such as air), or in

vacuum. However, to date, the physical mechanism is unknown, and until it is understood, it
will be impossible to determine its potential for practical applications.

3. Preliminary Experiments at ARL

The Biefeld-Brown effect is reported in many places on the Internet; however, as previously

mentioned, only two papers exist (3, 4). Therefore, we decided to verify that the effect was real.
The authors have fabricated three simple asymmetric capacitors, using the designs reported on

the Internet (1). In all three cases, we have verified that a net force is exerted on the capacitors

when a high DC voltage is applied to the electrodes. The three asymmetric capacitors that we

tested had different geometries, but they all had the common feature that one electrode was thin
and the other very wide (asymmetric dimensions). Also, a suspended wire, representing a

capacitor with the second electrode at infinity, showed lift.

Our first model was made by Tom Bahder, and was triangular in shape, which is a typical
construction reported on the Internet (Figure 7). One electrode is made from thin 38-gauge

(0.005-mil) wire, and the other electrode is made from ordinary aluminum foil. The capacitor is
-20 cm on a side, the foil sides are 20 x 4 cm, and the distance of the top of the foil to the thin

wire electrode is 3 cm. The foil and wire are supported by a balsa wood frame, so that the whole

capacitor is very light, -5 g. Initially, we made the balsa wood frame too heavy (capacitor

weight -7 g), and later we cut away much of the frame to lighten the construction to -5 g. We
found that in order to demonstrate the lifting effect, the capacitor must be made of minimum
weight. (Typical weights reported on the Internet for the design in Figure 7 are 2.3 - 4 g.)

7



Figure 7. Our first attempt at making an asymmetric
capacitor (a "lifter"), according to the specifications
given by J. Naudin (1) on Internet Web site <http://jnaudin.free.fr/>.

When -37 kV was applied to the capacitor in Figure 7, the current was -1.5 mA. The capacitor
lifted off its resting surface. However, this capacitor was not a vigorous flier, as reported by

others on the Internet. One problem that occurred was arcing from the thin wire electrode to the
foil. The thin wire electrode was too close to the foil. We have found that arcing reduces the
force developed on the capacitor. Also, compared to other constructions, ours was too heavy,
5 g. We found that a ground plane beneath the capacitor is not essential for the lifting force to
exceed the capacitor's weight.

Consequently, we decided to make a second version of an asymmetric capacitor, using a
Styrofoam lunch box and plastic drinking straws from the ARL cafeteria (Figure 8). The
capacitor had a square geometry, 18 x 20 cm. The distance of the thin wire (38 gauge) to the foil
was adjustable, and we found that making a 6-cm gap resulted in little arcing. When 30 kV was
applied, the capacitor drew -1.5 mA, and hovered vigorously above the floor.

Figure 8. The second attempt at making a
lighter asymmetric capacitor.

A question occurred: Is the toroidal (closed circular) geometry of the capacitor electrodes
essential to the lifting effect that we have observed? Consequently, Bahder made a flat-shaped,
or wing-shaped, capacitor as shown in Figure 9. This capacitor was made from two (red) plastic
coffee stirrers and a (clear) plastic drinking straw to support the aluminum foil. The significance

8



Figure 9. Flat-shaped (or wing-shaped)
asymmetric capacitor used to test
whether closed electrode geometry
is needed.

of the clear plastic straw was that the foil could be wrapped over it, thereby avoiding sharp foil

edges that would lead to corona discharge or arcing. The dimensions of the foil on this capacitor

were 20 x 4 cm, as shown in Figure 9. The distance between the thin wire electrode (38-gauge

wire) and edge of the foil was 6.3 cm. This capacitor showed a net force on it when -30 kV was

applied, drawing -500 ptA. The force on this capacitor greatly exceeded its weight, so much so

that it would vigorously fly into the air when the voltage was increased from zero. Therefore, we

have concluded that the closed geometry of the electrodes is not a factor in the net force on an
asymmetric capacitor. Furthermore, the force on the capacitor always appeared in the direction

toward the small electrode-independent of the orientation of the capacitor with respect to the

plane of the Earth's surface. The significance of this observation is that the force has nothing to

do with the gravitational field of the Earth and nothing to do with the electric potential of the
Earth's atmosphere. (There are numerous claims on the Internet that asymmetric capacitors are

antigravity devices, or devices that demonstrate that there is an interaction of gravity with

electric phenomena.)

The thin wire electrode must be at a sufficient distance away from the foil so that arcing does not

occur from the thin wire electrode to the foil at the operating voltage. In fact, in our first model,

shown in Figure 7, the 3-cm gap from the top of the foil to the thin wire electrode was not

sufficiently large, and significant arcing occurred. We have found that when arcing occurs, there
is little net force on the capacitor. An essential part of the design of the capacitor is that the

edges of the foil, nearest to the thin wire, must be rounded (over the supporting balsa wood, or

plastic straw, frame) to prevent arcing or corona discharge at sharp foil edges (which are closest

to the thin wire). The capacitor in Figure 7 showed improved lift when rounded foil was put

over the foil electrode closest to the thin wire, thereby smoothing-over the sharp foil edges.
Physically, this means that the radius of curvature of the foil nearest to the small wire electrode
was made larger, creating a greater asymmetry in radii of curvature of the two electrodes.
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When operated in air, the asymmetric capacitors exhibit a net force toward the smaller
conductor, and in all three capacitors, we found that this force is independent of the direct current
(DC) voltage polarity.

The detailed shape of the capacitor seems immaterial, as long as there is a large asymmetry
between the characteristic size of the two electrodes.

The simplest capacitor configuration consists of a suspended thin wire from the hot electrode of
the high-voltage power supply, as shown in Figure 10. To observe the wire movement, a small
piece of transparent tape was attached at the lower end of the thin wire. A suspended thin wire
(-12 in length) also showed force with -35 kV and 1-mA current (Figure 9). From a vertical
position, the wire lifted, as shown in Figure 11 by as much as 300, once the high voltage
approached 35 kV. The usual air breakdown hissing sound of the other capacitors was heard
when current reached -1 mA. Actually, the wire did not remain suspended, but oscillated back
and forth -60' from vertical, and the hissing pitch followed the oscillation period with amplitude
and frequency changes. Without the piece of tape at the end, the wire did not lift as much and the
sound was considerably weaker. The piece of tape seems to increase the capacitance and or the
air ionization. This suspended wire configuration can be viewed also as a capacitor surrounded
by the ground system located several feet away (metallic benches, floor and ceiling). As in the
other capacitor experiments, it also did not exhibit a polarity dependence.

Figure 10. The capacitor consisting of a
single wire. No bias applied.
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Figure 11. The wire capacitor showing displacement
from the vertical (35 kV applied).

When the asymmetric capacitors have an applied DC voltage, and they are producing a net force
in air, they all emit a peculiar hissing sound with pitch varying with the applied voltage. This
sound is similar to static on a television or radioset when it is not tuned to a good channel. We
believe that this sound may be a clue to the mechanism responsible for the net force.

4. Previously Proposed Explanations for the Biefeld-Brown Force

There are two proposed explanations for the Biefeld-Brown force. Both of these have been
discussed on the Internet in various places. The first proposed scheme is that there exists an
ionic wind in the high field region between the capacitor electrodes, and that this ionic wind
causes the electrodes to move as a result of the momentum recoil. This scheme, described in
section 4.1, leads to a force that is incorrect by at least 3 orders of magnitude compared to what
is observed. (This scheme also assumes ballistic transport of charges in the atmosphere between
electrodes of the capacitor, and it is known that instead drift current exists.)

In section 4.2, we present the second scheme, which assumes that a drift current exists between
the capacitor plates. This scheme is basically a scaling argument, and not a detailed treatment of
the force. In this scheme, the order of magnitude of the force on an asymmetric capacitor is
correct, however, this scheme is only a scaling theory. Finally, in section 5, we present our
thermodynamic treatment of the force on an asymmetric capacitor.
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4.1 Ionic Wind: Force Too Small

The most common explanation for the net force on an asymmetric capacitor invokes ionic wind.
Under a high-voltage DC bias, ions are thought to be accelerated by the high potential difference
between electrodes, and the recoil force is observed on an asymmetric capacitor. A simple upper
limit on the ion wind force shows that the ion wind effect is at least three orders of magnitude
too small. Consider a capacitor that operates at voltage V. Charged particles of mass m, having
charge q, such as electrons or (heavy) ions, are accelerated to a velocity v, having a kinetic
energy

- m2 = qV. (1)

2

The force exerted on an asymmetric capacitor is given by the rate of change of momentum

I
F =my -, (2)

q

where I is the current flowing through the capacitor gap, and we assume that all the ionic
momentum, my, is transferred to the capacitor when the charged particles leave an electrode.
Also, we assume that none of this momentum is captured at the other electrode. This is a gross
over-estimation of the force due to ionic effects, so equation 2 is an upper limit to the ionic force.

Solving equation 1 for the velocity, and using it in equation 2 gives the upper limit on the force
due to ionic wind

F = (2.V I. (3)

When the force F is equal to the weight of an object, Mg, where g is the acceleration due to
gravity, the force will lift a mass

M=(2m 2 1 (4)

If we assume that electrons are the charged particles responsible for force of the ionic wind, then
we must use mass m = 9.1 x 10- 31 kg. Substituting typical experimental numbers into equation 4,
we find that the ionic wind can lift a mass

M =((2)(9.1 xIO -1kg)(4Ox103 Volt))2 1.OxO1-3 A =6.8x10-' gram. (5)
1.6x1O"19 C lOm

2
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The typical weight of an asymmetric capacitor is on the order of 5 g, so this force is too small by

5 orders of magnitude.

Another possibility is that heavy ions (from the air or stripped off the wire) are responsible for
the ionic wind. As the heaviest ions around, assume that Cu is being stripped from the wire.
Using Cu for the ions, the mass of the ions is 63.55 mp, where 63.55 is the atomic mass of Cu
and mp is the mass of a proton. The weight that could be lifted with Cu ionic wind is then (upper
limit):

M = (2)(63.55) (1.67x1027kg)(40 x 103 Volts))' 10-3 A 0.002 gram. (6)
1.6 x 10-19 C n102

S 2

Again, this value is 3 orders of magnitude too small to account for lifting a capacitor with a mass
of 3-5 g. Therefore, the ionic wind contribution is too small, by at least 3 orders of magnitude, to
account for the observed force on an asymmetric capacitor.

While the force of the ionic wind computed above is too small to explain the experiments in air,
it should be noted that this effect will operate in vacuum, and may contribute to the overall force
on a capacitor.

4.2 The Ion Drift Picture: Scaling Theory of Force

In the previous section, we computed an upper limit to the force on a capacitor due to ionic wind
effects. Ionic wind is a ballistic flow of charges from one electrode to the other. Clearly the
force due to ionic wind is at least three orders of magnitude too small to account for the observed
force on an asymmetric capacitor (in air). There is another type of classical transport: drift of
charge carriers in an electric field. In the case of drift, the carriers do not have ballistic
trajectories, instead they experience collisions on their paths between electrodes. However, due
to the presence of an electric field, the carriers have a net motion toward the opposite electrode.
This type of transport picture is more accurate (than ballistic ionic wind) for a capacitor whose
gap contains air. Drift transport is used by E. Barsoukov (5) to explain the net force on an
asymmetric capacitor.

The general picture of the physics is that the positive and negative electrodes of the capacitor are
charged and that these charges experience different forces because the electric field surrounding
the capacitor is nonuniform (Figure 12). The electric field surrounding the capacitor is created
by the potential applied to the capacitor electrodes and partial ionization of air into positive ions
and electrons. These charge carriers experience drift and diffusion in the resulting electric field.
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